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Summary
Mitochondria and peroxisomes share a number of common
biochemical processes, including theboxidationof fatty acids
and thescavengingofperoxides.Here,weidentifyanewouter-
membranemitochondria-anchoredprotein ligase (MAPL) con-
taining a really interesting new gene (RING)-finger domain.
Overexpression of MAPL leads to mitochondrial fragmenta-
tion, indicating a regulatory function controlling mitochon-
drialmorphology. Inaddition, confocal- andelectron-micros-
copy studies of MAPL-YFP led to the observation that MAPL
is also incorporated within unique, DRP1-independent, 70–
100 nm diameter mitochondria-derived vesicles (MDVs). Im-
portantly, vesicles containing MAPL exclude another outer-
membrane marker, TOM20, and vesicles containing TOM20
exclude MAPL, indicating that MDVs selectively incorporate
their cargo. We further demonstrate that MAPL-containing
vesicles fuse with a subset of peroxisomes, marking the first
evidence for a direct relationship between these two func-
tionally related organelles. In contrast, a distinct vesicle pop-
ulation labeled with TOM20 does not fuse with peroxisomes,
indicating that the incorporationofspecificcargo isaprimary
determinant of MDV fate. These data are the first to identify
MAPL, describe and characterize MDVs, and define a new
intracellular transport route between mitochondria and per-
oxisomes.
Results
Identification of a Novel Mitochondrial
RING-Finger-Containing Protein
We were interested in identifying candidate mitochondrial pro-
teins that participate in the regulation of mitochondrial mor-
phology. It has been shown that mitochondrial morphology
can be regulated both by ubiquitination and SUMOylation
*Correspondence: hmcbride@ottawaheart.ca
4These authors contributed equally to this work.(SUMO: small ubiquitin-related modifier) [1–6]. We therefore
performed a bioinformatics screen to identify candidate mito-
chondrially anchored ubiquitin or SUMO E3 ligases containing
conserved really interesting new gene (RING)-finger motifs.
One of these sequenceswas a mitochondrially targeted, ubiqui-
tously expressed, unidentified open reading frame, FLJ12875,
which encoded a protein that we have named MAPL, for mito-
chondria-anchored protein ligase (Figure S1 available online).
The translated protein contains 352 amino acids with both
the N-terminal and the C-terminal RING domains exposed
to the cytosol and with two predicted transmembrane helices
(Figures S1A and S1B). Transient transfection of MAPL-YFP
(YFP: yellow fluorescent protein) in HeLa or COS7 cells resulted
in a partially fragmented mitochondrial phenotype (Figures 1A
and 1E). This was in contrast to the tubular morphology of the
TOM20-labeled mitochondria in neighboring, untransfected
control cells (Figure 1A, top middle). Mitochondrial fragmenta-
tion was dependent upon the RING-finger domain of MAPL
because transfection of MAPL1-296-YFP lacking the RING-finger
domain did not induce this phenotype (Figure 1A, bottom). To
determine whether this phenotype required the mitochondrial
fission GTPase, DRP1, we cotransfected cells with the domi-
nant interfering mutant, DRP1(K38E)-CFP (CFP: cyan fluores-
cent protein) [7–9]. The fragmentation induced by MAPL ex-
pression was blocked in the presence of the DRP1 mutant,
and the resulting mitochondria were highly fused (Figure 1B).
These data indicate that MAPL participates in the regulation
of mitochondrial fragmentation. However, in cells expressing
both dominant-negative DRP1 and either wild-type MAPL or
MAPL(1-296), a pool of very small MAPL- or TOM20-positive frag-
ments remained within the otherwise highly interconnected
mitochondrial reticulum (Figure 1B, circles). Electron micros-
copy (EM) analysisof cells transfected with MAPL-YFP revealed
the presence of highly distinct structures, 70–100 nm in diame-
ter, emanating from the sides of the mitochondria expressing
MAPL-YFP (Figure 1C, arrows). These profiles contained either
one or both mitochondrial membranes and showed an increase
in electron density around the surface. Preembedded immuno-
gold labeling of MAPL-YFP revealed small,w100 nm structures
resembling intracellular-transport vesicles that were not at-
tached to the larger mitochondria (Figure 1D, top left). They
often contained inner mitochondrial membrane; however, cris-
tae were rarely observed and, instead, the outer and inner
membranes appeared as two concentric circles (Figure 1D,
top left). Standard immunogold labeling of fixed sections
also revealed multiple enrichments of MAPL-YFP along mito-
chondria (Figure 1D, top right, bottom left, and bottom right,
arrows).
To follow the formation of the small MAPL-containing frag-
ments in real time, we employed time-lapse confocal micros-
copy. In addition to the expected general fragmentation of
the mitochondria in cells expressing MAPL-CFP, we also ob-
served a few unique fission events consistent with the EM
analysis. In the time series presented in Figure 1E (Movie
S1), we first observed a lateral enrichment of MAPL-CFP along
the tubular mitochondria (Figure 1E, arrow). This enriched
region of the mitochondria was then seen to pinch off from
the side of the organelle, liberating a spherical mitochondrial
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103Figure 1. MAPL Induces Mitochondrial Fragmentation and Marks Unique Mitochondrial Structures
(A) Mitochondria in HeLa cells were transfected with either MAPL-YFP (top panels) or MAPL(1-296)YFP (lower panels), and fixed cells were stained with anti-
TOM20 and imaged by confocal microscopy. Boxed regions were enlarged. Scale bars represent 20 mm.
(B) As in (A), except that cells were cotransfected with DRP1(K38E)-CFP, which is shown in the insets (gray). Some small fragmented structures are circled.
(C) COS7 cells transfected with MAPL-YFP were fixed and prepared for electron microscopy. Arrows highlight vesicular profiles. Scale bars represent
100 nm.
(D) The top left panel shows COS7 cells transfected with MAPL-YFP were fixed on coverslips, permeabilized with saponin, and labeled with YFP antibodies
and then goat anti-rabbit gold secondary antibodies. The top right, bottom left, and bottom right panels show standard immunogold labeling with FP
antibodies on thin sections. Scale bars represent 100 nm. Arrows highlight enrichments of MAPL.
(E) Confocal time-lapse imaging of MAPL-CFP transfected into COS7 cells shows the formation of a mitochondrial vesicle. Arrows highlight the enrichment
of MAPL-CFP along the side of a mitochondrial tubule that eventually separates into an individual vesicle. Note the mixture of the rod-like and spherical
mitochondrial fragments. The scale bar represents 5 mm, and the time stamp is in seconds.fragment. This event was qualitatively distinct from previously
documented mitochondrial fission, which instead involves
a constriction along the tubule mediated by DRP1, leading to
a smooth separation of the two halves of the mitochondrion(Movie S2). Taken together, the EM and confocal analysis of
MAPL-CFP indicate that MAPL is incorporated within small
mitochondria-derived vesicles (MDVs) that form in a distinct,
DRP1-independent manner.
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(A–C) HeLa cells were cotransfected with MAPL-YFP and pOCT-CFP, loaded with MitoFluorRed 633, and imaged live (A) or fixed and stained with anti-
TOM20 antibodies (B). In (C), HeLa cells were cotransfected with DRP1(K38E)-CFP (magenta) and MAPL-YFP and either loaded with MitoFluorRed 633 (bot-
tom panels) or fixed and stained with anti-TOM20 antibodies (top panels). Circles indicate mitochondrial structures that carry a single label, and arrows
indicate vesicles carrying more than one label. Scale bars represent 2 mm.
(D) Nontargeting siRNA or MAPL siRNA were transfected into HeLa cells that were fixed and stained with MAPL antibodies (top panels) or TOM20 antibodies.
The quantification of the number of TOM20-positive structures in 150 cells from three independent experiments is shown in the vertical box plot. The median
of the data is set by the horizontal line, and the whiskers indicate the maximum and minimum values. Asterisks indicate the data points lying beyond two
standard deviations from the mean.MDVs Exhibit Cargo Selection
EM and video examination suggested that there might be
an enrichment or selection of specific mitochondrial cargo
within these structures. To test this directly, we cotransfected
MAPL-YFP with a mitochondrial matrix marker, pOCT-CFP,
and performed either live-cell experiments with the potentio-
metric dye, MitoFluorRed633, or fixed cells and stained them
with antibodies against the outer-membrane import receptor,
TOM20 (Figures 2A and 2B). Surprisingly, we observed multiple
combinations of cargo incorporated within very small mito-
chondrial fragmented structures. Representative images re-
flecting the diversity of cargo within these structures are shown
in Figure 2. For example, in the bottom panel of Figure 2A, there
are structures containing MAPL-YFP that do not contain DJ,
and other potential-containing vesicles that do not contain
MAPL-YFP (circles). One structure is seen to contain both
OCT-CFP andDJ but to lack MAPL-YFP (arrows). In fixed cells
stained with TOM20 antibodies, we observed a similar mixture
of vesicular profiles (Figure 2B, circles). These images alsoreveal small mitochondrial profiles containing all three markers,
which is expected from the generation of DRP1-dependent
fragments (Figure 2B, bottom panels, arrows). Coexpression
of MAPL-YFP with DRP1(K38E)-CFP resulted in a highly inter-
connected mitochondrial reticulum (Figures 1B and 2C, left
panels). However, careful examination of the remaining frag-
ments revealed that they also contained either MAPL-YFP or
TOM20(Figure 2C, top panels, circles) orDJ (Figure 2C, bottom
panels, circles) with few, if any, fragments labeled for both
markers. Although microscopy might not eliminate the possibil-
ity of undetectable amounts of each cargo present, the data
show that the vesicles selectively exclude, and are significantly
enriched for, specific cargo. This indicates that mitochondria
have the capacity to segregate specific cargo even within a sin-
gle membrane. Therefore, we suggest that in addition to their
DRP1-independence and uniform size of 70–100 nm, another
criterion to define a MDV is evidence of cargo selectivity.
Although MAPL expression stimulates mitochondrial frag-
mentation and is incorporated within these small vesicles, it
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DRP1-Independent Vesicle Formation
(A) COS7 cells were fixed and stained with MAPL
polyclonal antibodies and antibodies to cyto-
chrome c (top panels), anti-subunit 1 of complex
IV (middle panels), or the matrix marker, OCT-
CFP marker (bottom panels). Circles illustrate
vesicles positive for only MAPL, and arrows point
to vesicles containing both cargoes. Scale bars
represent 1 mm.
(B) As in (A), except decoration is with antibodies
to the outer-membrane marker, TOM20.
(C) COS7 or HeLa cells untransfected or trans-
fected with DRP1(K38E)-CFP were fixed and
stained for anti-TOM20. The number of MAPL-
positive vesicles within HeLa cells expressing
DRP1(K39E)-CFP and MAPL-YFP are quantified
in the last lane. The total number of vesicles
was counted per cell from 150 cells from three
independent experiments and plotted in the
vertical box plot shown. To confirm that
the DRP1(K38E)-CFP was functionally blocking
DRP1 activity, only cells expressing the CFP-
tagged protein and that also contained highly
fused, interconnected mitochondria were in-
cluded. The median of the data is set by the
horizontal line, and the whiskers indicate the
maximum and minimum values. Asterisks indi-
cate the data points lying beyond two standard
deviations from the mean.
and a matrix-targeted CFP (Figures 3A
and 3B, bottom panels). Quantification
revealed that only 33%–50% of vesicles
containing either TOM20 or MAPL
also contained a second mitochondrial
marker (Table 1).was unclear whether MAPL was a regulator of vesicle forma-
tion. To test this, we quantified the number of small TOM20-
positive structures in cells expressing endogenous or silenced
MAPL (Figure 2D). Analysis showed that the overall mitochon-
drial morphology was not dramatically altered (Figure S2) and
that the number of TOM20-labeled mitochondrial vesicular
structures was similar in cells lacking MAPL compared to con-
trol cells (Figure 2D). This indicates that although MAPL can be
incorporated within vesicles and stimulates DRP1-dependent
mitochondrial fragmentation (Figures 1, 2A, 2B, and 2C), it is
not a core component of the machinery required for MDV
formation.
We next quantified both the extent of MDV cargo selectivity
(Figures 3A, and 3B, Table 1) and the total number of vesicles
within cells (Figure 3C) by using endogenous markers. Immu-
nofluorescence of endogenous MAPL revealed a number of
distinct, very small punctate vesicular structures in addition
to a mitochondrial location (Figure 3A, left panels). This anti-
body staining was specific because the silencing of MAPL
through small interfering RNA (siRNA) abolished this signal
(Figure 2D, top panels). To further investigate the cargo selec-
tion observed above (Figures 2A and 2B) with endogenous
markers, we costained the untransfected cells with either
MAPL or TOM20 antibodies together with one of the following
markers: cytochrome c of the intermembrane space (Figures
3A and 3B, top panels), subunit 1 of complex IV of the inner mi-
tochondrial membrane (Figures 3A and 3B, middle panels),Table 1. Quantification of the Percentage Colocalization of Each Marker
Pair
Label MAPL TOM20
cytochrome c 33 6 9.0 38.0 6 11.1
sub1-complexIV 50 6 8.0 37.3 6 7.5
OCT-CFP 48 6 11.3 42 6 7.2
Data are taken from 50 vesicles from each of three independent experi-
ments.
We next quantified the number of vesicles in cells express-
ing the dominant interfering mutant of DRP1, DRP1(K38E)-
CFP, in COS7 and HeLa cells. Quantification showed that cells
expressing DRP1(K38E)-CFP and showing completely inter-
connected mitochondria exhibited nearly the same number
of vesicles as did controls (Figure 3C). The slight reduction ob-
served within HeLa cells upon inhibition of DRP1 likely reflects
the inclusion of some DRP1-dependent fragments with vesi-
cles during the counting in control cells. Quantification of the
number of MAPL-YFP-positive vesicles in DRP1(K38E)-CFP-
expressing cells indicated that they are present in numbers
similar to TOM20-labeled vesicles (Figure 3C). Together, the
data confirm that both TOM20- and MAPL-positive MDVs are
formed by a mechanism distinct from DRP1-mediated mito-
chondrial fission.
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(A) HeLa cells were cotransfected with CFP-SKL and MAPL-YFP and, after 16 hr, were fixed and stained with polyclonal TOM20 antibodies. A representative
confocal image shows the colocalization of MAPL-YFP-positive vesicles (green) with peroxisomes (red). The magenta TOM20 signal is excluded from the
peroxisomal structures. Red arrowheads depict peroxisomes that do not contain MAPL, green arrowheads designate MAPL-positive vesicles that do not
contain CFP-SKL or TOM20, and magenta arrowheads reveal TOM20-positive vesicles that do not colocalize with either MAPL or CFP-SKL. Circles reveal
vesicles that are labeled for both CFP-SKL and MAPL-YFP but exclude TOM20.
(B) HeLa cells cotransfected with MAPL-YFP or MAPL1-296-YFP and CFP-SKL were fixed and immunostained for TOM20 (anti-Alexa 647). The percentage of
colocalization of MAPL-positive or TOM20-positive vesicles with CFP-SKL (n = 42 for each data set) is shown in the vertical box plot. The median of the data
is set by the horizontal line, and the whiskers indicate the maximum and minimum values. Asterisks indicate the data points lying beyond two standard
deviations from the mean.
(C) As in (A), except that HeLa cells were transfected with YFP-Fis1 (green) and CFP-SKL (red) and stained for Tom20 (magenta). The scale bar represents
5 mm.
(D) Confocal time-lapse series showing MAPL-YFP-labeled vesicles (in green) and CFP-SKL-labeled peroxisomes. Time scale is indicated in seconds.
Arrows point to two independent structures that are shown to fuse in the last three panels. The scale bar represents 1 mm.
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In order to determine the fate of MDVs, we tested a number of
cellular markers. Surprisingly, we found that the MAPL-positive
vesicles were targeted to peroxisomes, whereas TOM20-con-
taining vesicles did not share this fate (Figure 4A). We quanti-
fied the colocalization of MAPL-YFP-positive, TOM20-negative
vesicles with peroxisomes and found that a mean of 65% of
MAPL-containing vesicles colocalize with CFP-SKL-labeled
peroxisomes (Figure 4B). The targeting of MAPL vesicles to
the peroxisome was independent of the RING-finger motif
because in cells expressing MAPL1-296-YFP lacking the RING
motif, a mean of 91% of MAPL-positive vesicles colocalized
with peroxisomes (Figure 4B). Importantly, vesicles positive
for TOM20 and negative for MAPL did not colocalize with per-
oxisomes, further demonstrating the specificity for the cargo
incorporation and the transport event (Figure 4B). As shown
earlier, the total number of DRP1-independent MAPL vesicles
within a given cell is relatively low, between 5 and 15 vesicles
per cell. This is far below the number of peroxisomes per cell,
which ranges between 50 and a few hundred, indicating that
most peroxisomes do not contain MAPL. The fact that MAPL
is not equally found in all peroxisomes, unlike CFP-SKL, indi-
cates that MAPL is not imported into peroxisomes. Another
mitochondrial outer-membrane protein, Fis1, has been dually
localized to peroxisomes. As previously shown [10], YFP-Fis1
is found in the vast majority of peroxisomes (Figure 4C), which
is distinct from the restricted localization of MAPL-YFP in only
a few peroxisomes. This is consistent with an import mecha-
nism of targeting for YFP-Fis1. However, we did note the
presence of some peroxisomes that were devoid of YFP-Fis1
(Figure 4C, arrows), further suggesting the presence of distinct
subpopulations of peroxisomes. Given that peroxisomes grow
and divide [11], we also considered that very low levels of MAPL
within the entire peroxisomal population might have been
missed by our confocal analysis. Indeed, by using higher sen-
sitivities of both excitation and detection, we could observe
low amounts of MAPL within many additional peroxisomes,
although this still represented a subpopulation of peroxisomes
(Figure S3). Therefore, we consider that the initial delivery of the
bright, MAPL-containing vesicles to peroxisomes would target
a bulk of protein to a subset of these organelles. After this, the
MAPL protein might then become diluted throughout the per-
oxisomal population over time. To further confirm the direct
transport of MDVs to peroxisomes, we performed time-lapse
imaging, and we observed a MAPL-positive MDV fusing di-
rectly with a peroxisome labeled with CFP-SKL (Figure 4D,
Movie S3). Together, these data indicate that MDVs specifically
containing MAPL are targeted to, and fuse with, a subpopula-
tion of peroxisomes.
Discussion
We have identified a novel mitochondrial outer-membrane
protein, MAPL, that participates in the regulation of DRP1-me-
diated mitochondrial fission in a RING-finger-dependent man-
ner. In addition, our study is the first to report the novel obser-
vation that mitochondrial cargo, including MAPL, is sorted into
previously uncharacterized mitochondrially derived vesicles.
We define MDVs with four independent criteria: (1) They are
formed in a DRP1-independent manner, (2) they are highly uni-
form 70–100 nm structures, (3) they form from the lateral segre-
gation of mitochondrial membrane in a manner distinct from
previously characterized whole-organelle constriction, and (4)
they incorporate selected mitochondrial cargo. Importantly,our data reveal that MAPL-containing vesicles are targeted to
fuse with a subset of peroxisomes. In contrast, TOM20-con-
taining vesicles do not share this fate, providing evidence
that the incorporated cargo is an important determinant of ves-
icle fate. Peroxisomes share common metabolic functions with
the mitochondria, as well as their fission machinery, DRP1 and
Fis1 [10, 12–16]. However, the expression or silencing of MAPL
did not visibly alter peroxisomal morphology (Figure S2), indi-
cating a more subtle role, if any, in peroxisome fission. Many
examples of metabolite shuttling between the mitochondria
and peroxisomes, including ammonium, carnitine, and the
flux of metabolites involved in the TCA cycle, have been re-
ported [17, 18]. In addition, the mitochondria-specific lipid,
cardiolipin, has been found in significant levels within peroxi-
somes [19, 20]. Our work represents the first report of vesicular
transport and communication between the mitochondria and
peroxisomes. Future work will determine the precise function
of MAPL within peroxisomes and the nature of the peroxisomal
population that fuses with MDVs. For now, we have identified
an unexpected intracellular transport route that provides a di-
rect link between two organelles that are known to operate in
a highly coordinated manner. In addition, the observation that
there are multiple MDVs containing specific subsets of cargo
represents an important new aspect of mitochondrial dynam-
ics. The function and fates of MDVs carrying TOM20 and other
specific cargo are the focus of ongoing studies.
Supplemental Data
Experimental Procedures, three figures, and three movies are available at
http://www.current-biology.com/cgi/content/full/18/2/102/DC1/.
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